1. Introduction {#sec1}
===============

It is well established that early-onset blindness leads to widespread neuroplastic changes. For instance, studies have shown that the senses of hearing and touch are more developed in blind than sighted individuals \[[@B1]--[@B6]\], probably due to training-induced plasticity. The enlargement of the somatic and motor area representation of the index finger in proficient Braille readers is a clear example of this experience-dependent plastic process \[[@B7]\]. Brain imaging studies using 18F-fluoro-deoxyglucose-positron emission tomography (FDG-PET) have shown that, despite the absence of visual input, the occipital cortex of congenitally blind individuals shows a supranormal metabolism at rest \[[@B8], [@B9]\]. This indicates that the visually deprived cortex is still functionally active and can be recruited by other modalities such as touch, hearing, and smell. Indeed, studies using a variety of brain imaging tools such as PET, functional, magnetic resonance imaging (fMRI), event-related potentials and magnetoencephalography, all concur on a recruitment of the visual cortex of early blind individuals during various nonvisual tasks (e.g., \[[@B10]--[@B14]\]).

Numerous brain imaging studies have consistently found activations of occipital cortical areas when blind subjects perform a range of tactile tasks such as Braille character recognition, vibrotactile discrimination, and haptic object exploration \[[@B15]--[@B20]\]. Previous work from our laboratory showed that blind subjects who had been trained to use the TDU in an orientation and motion discrimination task \[[@B13], [@B14]\] or in a navigation task \[[@B21]\] activate their visual cortex. The observed activation patterns within the visual cortex were remarkably similar to those observed in sighted individuals performing corresponding visual tasks. The modularity of these activations is further substantiated by the observation that in early blind individuals, transcranial magnetic stimulation (TMS) of the reorganized visual cortex elicits somatotopically organized tactile sensations \[[@B22], [@B23]\]. TMS studies have also provided evidence for the functional implication of the occipital cortex in tactile processing. For example, the demonstration that repetitive TMS of the occipital cortex disrupts Braille reading performance in the blind \[[@B24], [@B25]\] suggests that the contribution of the visually-deprived occipital cortex to nonvisual functions is indeed functionally relevant. Together, these findings indicate that the visually deprived posterior cortical regions are much more adaptable than previously thought and may act either as a high-level multisensory area \[[@B26]\] or undergoes a cross-modal plastic reorganization \[[@B27]\].

The visual system is grossly subdivided into a dorsal and a ventral processing stream \[[@B28]\]. Area hMT+, a critical part of the dorsal visual pathway, involved in visual motion processing, is recruited during tactile and auditory motion discrimination task in early blind subjects \[[@B14], [@B29]--[@B31]\], suggesting that the dorsal "where" processing stream is functionally preserved in subjects lacking vision from birth. This raises the question whether the ventral processing stream, known to participate in object and shape recognition \[[@B30]--[@B39]\], is also preserved in blind subjects. Evidence in support of this hypothesis comes from a study by Pietrini et al. \[[@B12]\] that showed category-specific recruitment of the ventral temporal cortex by haptic exploration of objects in congenitally blind and sighted individuals. Therefore, the aim of this study was to investigate whether the ventral stream will also be activated by nonhaptic exploration of shapes.

2. Materials and Methods {#sec2}
========================

2.1. Subjects {#sec2.1}
-------------

Ten sighted control (five females; mean age: 21 ± 11 y.) and eight blind (seven congenitally and one early blind) individuals with no recollection of any visual experience (four females; mean age: 31 ± 10 y.) participated in this study. Causes of blindness were retinopathy of prematurity \[[@B7]\] and Leber\'s congenital amaurosis \[[@B1]\]. Visual inspection of the structural brain MRI scans by a trained neuroradiologist did not reveal macroscopic abnormalities and none of the subjects had a history of psychiatric or neurological illness. The study protocol was approved by the local ethics committee (Project ID: KF-01328723) and all subjects provided written informed consent.

2.2. Electro-Tactile Stimulation of the Tongue {#sec2.2}
----------------------------------------------

The apparatus has been described in detail elsewhere \[[@B13]\]. Briefly, it consists of a tongue display unit (TDU, Wicab Inc.), an electrode array (3 × 3 cm) with 144 gold-plated contacts arranged in a 12 × 12 matrix and a laptop with custom-made software ([Figure 1(a)](#fig1){ref-type="fig"}). Computer-generated geometric shapes were converted into electrical pulses and delivered to the tongue via the electrode array. Stimulation intensity was controlled by the subject and could be adjusted at any time to allow optimal perception of the stimuli.

2.3. Behavioural Training {#sec2.3}
-------------------------

Both blind and blindfolded control subjects were trained during 10 sessions, stretched over 4 consecutive days. Each session lasted around 15 minutes and comprised 28 trials. During training, subjects learned to use the TDU to recognize four different shapes that were randomly presented: a square, a triangle, a rectangle, and the letter E ([Figure 1(b)](#fig1){ref-type="fig"}). Participants were given a maximum of 30 seconds to identify each stimulus and they received immediate feedback about the correctness of their response. Both the reaction time and the response accuracy were measured. It was stressed that correctness of responses was more important than speed. Stimuli were presented statically and participants could not explore the images by using exploratory movements of a computer mouse as was the case in our previous PET study on orientation discrimination \[[@B13]\]. Prior to the training sessions, participants were familiarized with the TDU and the experimental procedures. They were told the forms that were going to be used and that their task was to correctly identify the shape that was presented. Blind participants were asked whether they were familiar with the shapes that were going to be presented and they were given the opportunity to explore haptically plastic copies of the four shapes if necessary. Training sessions were limited to a maximum of 15 minutes to avoid habituation to tongue stimulation. Participants were given two or maximum 3 training sessions per day. Between two successive sessions there was a minimum time interval of 30 minutes. We chose to work with a limited set of shapes in order not to overload memory and cognitive processing since during the fMRI session. Subjects had to indicate their response by pressing one of the four keys on a response pad (1: square; 2: triangle; 3: rectangle and; 4: letter E). All participants were trained by the same experimenter (IM). The criterion for successful learning was set to 85% correct responses in two consecutive sessions. Participants who reached this criterion could participate the next day in the fMRI examination. Statistical analysis of the behavioural data was carried out using ANOVA (SPSS18, Chicago, Ill, US). Values of *P* \< 0.05 were considered as statistically significant.

2.4. MRI Experimental Design {#sec2.4}
----------------------------

Following behavioural training, subjects performed the shape recognition task during whole-brain fMRI. We used an fMRI block design with periods of rest (the electrode array was placed on the tongue but no electrotactile stimulation was administered) and task (i.e., nonhaptic shape recognition). The same shapes were presented in the fMRI session as during behavioural training. Two fMRI runs were carried out, each lasting 7 minutes and 40 seconds. Each run consisted of alternating rest and task blocks ([Figure 1(b)](#fig1){ref-type="fig"}). During a task block, four stimuli, one for each form, were presented in a random order. This was repeated seven times, resulting in 35 blocks per fMRI run. Each stimulus lasted 10 s and was followed by a 3 s interval during which subjects had to indicate which form had been presented by pressing one of 4 buttons on a keypad with their right hand. Each button corresponded to one of the stimulus forms. Prior to scanning, subjects practiced to use the appropriate corresponding response button.

2.5. Image Acquisition and Analysis {#sec2.5}
-----------------------------------

Task-related changes in the (blood oxygenation level-dependent BOLD signal were measured with whole-brain fMRI using a Siemens Trio 3 Tesla MR Scanner (Siemens, Erlangen, Germany), equipped with an 8-channel head coil. The multislice gradient echo-planar imaging sequence had a repetition time (TR) = 2500 ms, echo time (TE) = 50 ms, flip angle (FA) = 90°, and field of view (FOV) of 192 mm (matrix: 64 × 64). Each volume consisted of 42 slices in an inclined axial plane, aligned to the AC-PC axis, with a slice thickness of 4 mm, resulting in a voxel size of 4 × 4 × 4 mm. A total of 368 functional brain volumes were acquired per subject. After the fMRI session, a high-resolution structural T1-weighted three-dimensional brain scan (MPRAGE) was acquired using a gradient echo pulse sequence (TE = 9.20 ms; flipangle = 30°; FOV = 256 mm; matrix = 256 × 256; voxelsize = 1 mm^3^).

The MRI data were analyzed using Statistical Parametric Mapping software (SPM5, Wellcome Department of Cognitive Neurology, London, UK). Functional volumes were motion-corrected using SINC interpolation and spatially normalized to the reference space defined by the MRI template supplied by the Montreal Neurological Institute (MNI). Images were spatially smoothed with an 8-mm wide Gaussian kernel to improve the signal-to-noise ratio.

For the statistical analysis, active conditions were fitted with a box-car function convolved with the hemodynamic response function. Low-frequency temporal drifts were removed by applying a 128-s high-pass filter. The duration of all conditions was modelled, except for the 10 s rest periods, which served as baseline. In order to estimate the effects associated with the experimental design, we evaluated BOLD signal changes associated with the contrast active task (shapes) compared to the control task (rest). Following single subject analyses, we performed a random-effect analysis within and between groups using the individual contrast estimates for each functional run. Activation maps were thresholded at *P* \< 0.01, corrected for multiple comparisons using the false discovery rate (FDR) \[[@B40]\]. We applied a conservative extent threshold of 20 contiguous voxels.

3. Results {#sec3}
==========

3.1. Behavioural Training {#sec3.1}
-------------------------

Both blind and sighted control subjects learned the tactile form discrimination task within the 10 sessions. [Figure 2](#fig2){ref-type="fig"} illustrates the learning curves for percentage of correct responses and reaction times. A statistical analysis of the time × group interactions yielded no significant differences in the percentage of correct responses (*F* = 0.728; *P* \> 0.05) or reaction times at the end of the training (*F* = 1.016; *P* \> 0.05).

3.2. Functional MRI {#sec3.2}
-------------------

Blind subjects but not blindfolded sighted controls activated large areas of occipital (cuneus, inferior and middle occipital gyri and lingual gyrus) and occipito-temporal (fusiform gyrus) cortices ([Figure 3](#fig3){ref-type="fig"}). Both blind and sighted controls showed increased BOLD responses in the inferotemporal cortex (including area LOtv), post-central gyrus, superior and inferior parietal lobule, precuneus, prefrontal cortex, cingulate gyrus, insula, and cerebellum. Task-related activations for blind and control subjects are listed in [Table 1](#tab1){ref-type="table"}. A direct comparison of the activation maps in both groups showed that BOLD increases in the inferior temporal gyrus, middle occipital cortex, and precuneus were significantly stronger in blind subjects ([Figure 4](#fig4){ref-type="fig"}). In contrast, blindfolded-sighted control subjects showed a relative larger BOLD response increase in the right postcentral gyrus (BA3) and the left anterior cingulate cortex (BA24) only (data not shown). We also observed activation in both blind and controls in left and right premotor areas that are probably due to the subject\'s preparation to respond to the tactile stimulation. An increased BOLD response was also found in bilateral somatosensory cortex for both groups of subjects.

4. Discussion {#sec4}
=============

In this study, we report that congenitally blind but not sighted subjects activated large parts of the occipital cortex when performing a nonhaptic shape recognition task. Our data further showed that both groups recruited the inferotemporal cortex, including area LOtv, in response to 2D tactile shape information extracted from electrotactile stimulation of the tongue. Previous studies showed that area LOtv processes form information in the absence of visual input through haptic \[[@B12]\] or auditory modalities \[[@B15], [@B30]\]. The present data extend these findings by showing that area LOtv processes form information even when tactile stimuli are delivered nonhaptically and to a body part, like the tongue, that is not primarily devoted to shape recognition.

4.1. Activation of IT/LOtv Complex {#sec4.1}
----------------------------------

We found strong task-related activation along the occipital/inferior temporal cortical border in both sighted and blind subjects. Whereas IT/LOtv was activated bilaterally in blind subjects, it was activated only in the right hemisphere in sighted participants. This might be due to the relatively small sample size. Indeed, when using a less stringent criterion for statistical significance (*P* \< 0.01, uncorrected), an increased BOLD response was also noted in the left hemisphere. Moreover, a conjunction analysis of the activation patterns in both groups confirms the bilateral activation of IT/LOtv although the cluster size was markedly larger in the right compared to the left hemisphere (data not shown)The activation pattern in both groups encompassed a region that Amedi and coworkers \[[@B36], [@B37]\] have coined the lateral occipital tactile visual area. The stereotactic coordinates of our LOtv activation in both groups (see [Table 1](#tab1){ref-type="table"}) are very close to those reported by others \[[@B12], [@B36], [@B41]\]. LOtv is a subregion within the human lateral occipital cortex (LOC) that is robustly activated during both visual and tactile object recognition. Amedi and coworkers \[[@B37]\] demonstrated that for both modalities, LOtv has a preference for objects compared to textures and scrambled objects; this area is only weakly activated by the motor, naming and visual imagery components of object recognition \[[@B37]\]. Area LOtv is also recruited by tactile exploration of novel, meaningless three-dimensional clay objects, suggesting that it responds more to form than to semantic features of objects \[[@B39]\]. Our finding of LOtv activation in both groups during the presentation of tactile stimuli is in accordance with previous results reported in normally sighted \[[@B12], [@B36], [@B36], [@B44]--[@B46]\] and blind \[[@B12]\] participants. The results further show for the first time that not only three-dimensional tactile stimuli but also two-dimensional nonhaptic tactile information can recruit area LOtv, adding further support that this area subserves an abstract or supramodal representation of shape information \[[@B47]\].

4.2. Occipital Cortex {#sec4.2}
---------------------

Only blind subjects showed a significant BOLD response in several regions within the occipital cortex including the cuneus, the lingual gyrus and the inferior, middle, and superior occipital gyri. The activation pattern in the blind following training shows remarkable similarities with that observed in normal seeing subjects during the performance of visual form discrimination tasks (see review by \[[@B47]\]). Pietrini and coworkers \[[@B12]\] reported activations in portions of the ventral stream such as the lingual and fusiform gyri and inferior occipital cortex during haptic object recognition in blind subjects. Other studies have shown that the visual cortex in blind subjects can also be recruited by auditory and olfactory stimuli and cognitive processes \[[@B38], [@B48]--[@B50]\] providing further evidence that the visual cortex can be reorganized to mediate a variety of non-visual functions in the blind.

Another issue is the potential role of mental imagery in the visual cortex activation. A number of previous brain imaging studies on haptic processing \[[@B51], [@B52]\] and auditory-based sensory substitution \[[@B43]\] in blindfolded sighted subjects have suggested that neural activity related to visual imagery may account for the activation in the occipital cortex. For the following reasons, it is unlikely that visual imagery explains the current findings. First, our blind subjects never had visual experiences and during the debriefing following the experiments, they did not report that they had engaged in visual imagery during the orientation detection task (see also \[[@B12]\]). Secondly, if mental imagery would be at the basis of the activation in the occipital cortex, sighted controls should activate the visual cortex to a larger extent compared to congenitally blind participants, which was clearly not the case. Finally, the question whether congenitally blind subjects have true "visual imagery" (instead of imagery) remains a matter of debate \[[@B53]\].

In accordance with several other studies (e.g., \[[@B13], [@B14], [@B54], [@B55]\]), we report here a lack of activation in the occipital cortex of our blindfolded controls. Previous neuroimaging studies in normally sighted subjects have yielded inconsistent results regarding the implication of V1 in tactile processing: some studies showing no activation of V1, others showing activation of V1 only \[[@B18], [@B56]\], activation of V1 accompanied by a deactivation of extrastriate areas \[[@B57]\], or activation of extrastriate cortical areas only \[[@B12]\]. Of note, most studies showing V1 activation in tactile processing in normal subjects used 3D stimuli that were palpated haptically with the hand or fingers. In our study, we used 2-D shape stimuli presented passively to the tongue and thus, required no active haptic exploration.

4.3. Possible Mechanisms for Cross-Modal Responses {#sec4.3}
--------------------------------------------------

A critical question in the study of cross-modal processing in the blind is whether the recruitment of the occipital cortex occurs through changes of existing neural network or through the formation of new neural connections. In this study, as well as in our previous studies using the same sensory substitution device, cross-modal responses were already observed after only a four to seven day period of intensive training \[[@B13], [@B22]\]. The speed with which these neuroplastic changes occur suggest that they are mediated by the unmasking or strengthening of preexisting cortico-cortical connections \[[@B13], [@B22]\]. The observed striate and extrastriate activations in the blind have been attributed to a cortico-cortical feedback pathway from primary somatosensory cortex (S1) through the posterior parietal cortex \[[@B22], [@B23]\]. The posterior parietal cortex is a highly multimodal association area. Investigations in macaque and humans have demonstrated that the anterior intraparietal area (AIP) and ventral intraparietal area (VIP) are likely regions where visuotactile multimodal information of object features and motion processing is integrated in sighted participants. Neurons in the macaque AIP, for instance, are sensitive to three-dimensional features of objects such as size, shape, and orientation during object manipulation under visual control \[[@B58], [@B59]\]. Neuroimaging studies in humans have also demonstrated recruitment of AIP during tactile shape processing \[[@B60], [@B61]\] and during orientation discrimination of visual stimuli \[[@B13], [@B62]\]. In blind subjects, who lack bottom-up visual processing, tactile inputs from these multimodal areas may then lead to a recruitment of the visual cortex via these multimodal areas. This assumption is supported by the strong activation of the posterior parietal cortex observed in the blind in the present study and is moreover reinforced by the results of several additional neuroimaging studies \[[@B13], [@B17], [@B38]\]. This hypothesis is also in line with a recent report that used dynamic causal modeling of fMRI data to investigate the cross-modal plasticity of effective connectivity in the blind during a Braille reading task \[[@B63]\]. It is also possible that new aberrant subcortical projections could be responsible for the evoked activity in the visual cortex of congenital blind individuals. For example, animal models of bilateral enucleation in hamsters \[[@B61]\], congenital blindness in mice \[[@B65], [@B66]\], and natural very low vision like the blind mole rat \[[@B67]\] have indicated the formation of new ectopic projections from the inferior colliculus to the lateral geniculate nucleus, the thalamic primary visual relay. More advanced methods, such as functional connectivity analysis, will be helpful to better understand through which pathways nonhaptic tactile information is funnelled to the visual cortex of the blind.

4.4. Methodological Considerations {#sec4.4}
----------------------------------

The main limitation of this study is the sample size. While eight subjects are considered to be a relatively small sample size for a classical fMRI study, we would like to emphasize that congenitally blind individuals represent an exceptionally rare population, even more so when strict selection requirements are enforced, as in this study. We would further like to stress that sample sizes of congenitally blind individuals reported in most fMRI studies in the literature are similar or smaller as compared to the present one \[[@B12]--[@B18], [@B29]--[@B31], [@B38], [@B39], [@B55], [@B56], [@B63], [@B68]\]. Larger numbers of subjects certainly are required to make rigorous statistical comparisons between the sighted and congenitally blind groups in terms of distribution and extent of brain response to shape recognition following stimulation by TDU. Nevertheless, the data were obtained using a random-effects analysis and FDR-corrected statistical thresholds. A final limitation is that we did not use functional localizer scans in our sighted subjects to identify subregions within the ventral stream.

5. Conclusion {#sec5}
=============

The question we have addressed in this and our previous studies is whether the functional segregation of the visual cortex in a dorsal and ventral visual pathway is preserved in individuals who were born without vision or who lost their sight at a very early age. The present results significantly extend to our previously published data on motion processing via the tongue in the blind \[[@B14]\], showing that both pathways are preserved in this population and add to growing evidence that the visual cortex can be reorganized to mediate non-visual functions in the blind.
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![Experimental setup. (a) The tongue display unit (TDU) and its components. (b) The fMRI block design. During each of the two fMRI runs, 7 stimulation blocks were presented. One block consisted of a rest period and Shape stimuli used during training and fMRI.](NP2012-304045.001){#fig1}

![Learning curves for shape recognition in congenitally blind and blindfolded control subjects. (a) Mean percentage changes ± SEM of correct responses and (b) mean reaction times ± SEM. No significant differences in performance were observed between the groups.](NP2012-304045.002){#fig2}

![Axial maps showing brain activations for the contrast "shapes-rest" in congenitally blind (upper row) and blindfolded control (lower row) subjects. The color-coded t-maps illustrate voxels showing a task-related increase in activation at *P* \< 0.01, FDR-corrected. Right side of the brain is to the right of the image.](NP2012-304045.003){#fig3}

![Cortical maps showing brain areas where activity was significantly larger in congenitally blind compared to blindfolded control subjects. The color-coded t-map shows the voxels with a relative increase in task-related activation in the blind group relative to controls at *P* \< 0.01, FDR-corrected. Right side of the brain is to the right of the image.](NP2012-304045.004){#fig4}

###### 

Activation clusters for "shapes versus rest" in blind and sighted subjects.

  Anatomical area of activation         BA     Congenitally blind   Sighted controls                                    
  ------------------------------------- ------ -------------------- ------------------ ------ ------ ----- ----- ------ ------
  *Occipital cortex*                                                                                                    
   Cuneus                               18     −26                  −75                15     8.12                      
                                        12     −85                  19                 6.13                             
   Lingual gyrus                        17     −8                   −87                4      5.84                      
                                        8      −85                  3                  4.38                             
   Inferior occipital gyrus             19     −48                  −80                −3     4.02                      
                                        34     −76                  −8                 4.78                             
   Middle occipital gyrus               19     −36                  −85                6      4.71                      
  37                                    53     −61                  −9                 6.36                             
   Superior occipital gyrus             19     36                   −73                24     4.54                      
  *Temporal cortex*                                                                                                     
   Fusiform gyrus                       19     −36                  −74                −10    3.48                      
                                        38     −64                  −5                 5.76                             
   Inferior temporal gyrus (LOtv)       19     −51                  −66                −2     4.60                      
  37/20                                 55     −53                  −4                 5.36   51     −52   −7    4.67   
   Middle temporal gyrus                37     −50                  −60                0      5.41   −55   −51   −4     5.43
                                        53     −62                  0                  4.59                             
   Superior temporal gyrus              22                                                           −57   4     2      6.29
                                                                                              55     10    3     8.49   
  *Parietal Cortex*                                                                                                     
   Precuneus                            31/7   −26                  −75                15     8.12   −10   −64   44     5.63
  19/7                                  26     −70                  35                 7.57   12     −62   49    7.11   
   Inferior parietal lobule             40     −46                  −39                44     6.96   −44   −31   49     9.73
                                        42     −31                  44                 5.92   46     −33   44    8.72   
   Superior parietal lobule             7      −30                  −54                51     6.82   −20   −53   58     5.75
                                        30     −54                  52                 6.50   32     −52   49    6.82   
   Postcentral gyrus                    2      −53                  −25                40     5.65   −50   −25   44     9.49
  3/2                                   59     −20                  34                 5.73   51     −28   53    9.61   
  *Prefrontal* and *frontal cortices*                                                                                   
   Precentral gyrus                     6/44   −61                  0                  35     4.48   −50   2     11     6.81
                                        62     5                    29                 3.73   50     8     9     8.09   
   Inferior frontal gyrus               9      −55                  5                  29     5.91   −57   5     26     6.98
  47/9                                  34     17                   −3                 6.02   53     9     28    7.58   
   Middle frontal gyrus                 6      −26                  −2                 46     4.87   −38   −3    54     5.87
                                        30     −1                   48                 6.37   40     2     50    7.00   
   Medial frontal gyrus                 6                                                            −2    −1    50     6.63
                                                                                              4      1     50    6.52   
   Superior frontal gyrus               6                                                            −18   5     62     4.33
                                                                                              18     5     62    5.08   
  *Cingulate* and *Insular cortices*                                                                                    
   Cingulate gyrus                      32     2                    10                 42     6.31   2     10    42     8.53
   Insula                               13     −40                  5                  13     4.76   −34   14    1      8.28
                                        38     3                    15                 5.43   34     21    3     7.55   
  *Cerebellum*                                 −32                  −74                −22    5.36   −28   −67   −15    8.16
                                        4      −73                  −13                4.34   28     −67   −15   6.35   
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